It is well known that the gradual loss of axon growth ability of retinal ganglion cells (RGCs) during development is largely determined by extrinsic signals rather than being programmed intrinsically. Spontaneous retinal waves are the major neural activity during retinal development. Thus restoring the developmental environment by providing the proper neural activity may be able to help axon regeneration of RGCs.
PURPOSE.
It is well known that the gradual loss of axon growth ability of retinal ganglion cells (RGCs) during development is largely determined by extrinsic signals rather than being programmed intrinsically. Spontaneous retinal waves are the major neural activity during retinal development. Thus restoring the developmental environment by providing the proper neural activity may be able to help axon regeneration of RGCs.
METHODS.
Retinal explants from P5 and P11 C57BL/6 mice were treated pharmacologically or stimulated electrically, and cultured with or without brain-derived neurotrophic factor (BDNF) on coverslips or a multielectrode array for 5 days to examine the neurite outgrowth capacity of RGCs.
RESULTS.
Here we have demonstrated that neurite outgrowth of retinal explants was not affected when acetylcholine transmission was blocked pharmacologically in retinas that normally display stage II retinal waves. However, short-term induction of globally correlated neural activity at 1-to 2-minute intervals in retinas that normally display stage III retinal waves by blocking inhibitory neural transmission was found to greatly promote neurite outgrowth even in the absence of exogenous neurotrophic factors. Moreover, short-term electrical stimulation with a temporal pattern of 1-to 2-minute intervals rather than simply increasing the neural activity greatly enhanced neurite outgrowth of retinal explants of the same age.
CONCLUSIONS. These results suggest that short-term alteration of neural activity with a specific temporal pattern in retinas of later developmental stages is sufficient to enhance neurite outgrowth of retinal explants. This finding could lead to a therapeutic strategy that is able to prevent the gradual loss of the axon growth ability of RGCs in more mature retinas.
Keywords: retinal waves, electrical stimulation, retinal ganglion cells, axon regeneration, neurotrophic factors T he immature mammalian central nervous system (CNS) retains the ability to regenerate, 1 but neurons in the adult CNS are difficult to regrow after severe injury. Previous studies have shown that the gradual loss of the ability of axons to grow during the development of retinal ganglion cells (RGCs), one type of CNS neurons, is not intrinsically programmed but rather determined by extrinsic signals. 2 It follows that a restoration of the extrinsic developmental environment of the retina may be able to provide a therapeutic strategy for promoting axon regeneration of RGCs after injury or degeneration.
During retinal development, one of the most well-known phenomena is retinal waves. These are characterized as the correlated spontaneous neural activity in RGCs that is accompanied by the propagation of calcium waves, and these appear from the late embryonic stage to eye opening. 3, 4 It has been shown that retinal waves are important for the refinement of binocular segregation in the dorsal lateral geniculate nucleus, 5, 6 as well as the formation of the retinotopic map in the superior colliculus. 7, 8 It has also been reported that a blockage of endogenous synaptic neural activity that is involved in the development of RGCs reduces axon outgrowth ability as a result of the loss of responsiveness to neurotrophic factors. 9 Furthermore, there are two major declines in the growth ability of axons in RGCs during development, 10 both close in timing to the transitions of different stages of retinal waves. Although contact-mediated inhibition by amacrine cell membranes has been shown to be a dominant factor in the loss of robust axon outgrowth in RGCs, 2 these findings suggest that endogenous neural activity, such as retinal waves, might be crucial for axon growth during development.
In addition to endogenously occurring neural activity, exogenously driven neural activity, such as electrical stimulation (ES), has also been shown to regulate regeneration in various nervous systems. [11] [12] [13] [14] Early studies demonstrated that depolarization and ES are able to promote the neuronal survival and neurite outgrowth of isolated RGCs, mainly by increasing their trophic responsiveness in a cAMP-dependent manner. [15] [16] [17] [18] [19] It has also been shown that depolarization and ES exert their functionality by temporally increasing the intracellular calcium concentration of cells and by regulating downstream transcription. 20, 21 As a consequence, calcium oscillations induced by patterned electrical activity have been postulated to lead to different types of transcription regulation and thus might have an effect on neural regeneration. [22] [23] [24] However, exactly how these different patterns of neural activity during retinal development promote neuronal survival and axon growth by RGCs is largely unknown.
In the present study, we have shown that abolishing stage II retinal waves did not have an effect on neurite outgrowth of retinal explants. However, the short-term induction of globally 
MATERIALS AND METHODS

Retinal Explant Preparation
Retinas were isolated from postnatal C57BL/6 mice. The animals were anesthetized and killed using an intraperitoneal injection overdose of 1:1 ketamine and xylazine, and the eyeballs were then enucleated with surgical scissors. After hemisection along the ora serrata, the lenses and vitreous humors were immediately removed. After this, the posterior eyecups were immersed in oxygenated (95% O 2 and 5% CO 2 ) Ames' medium (Sigma-Aldrich Corp., St. Louis, MO, USA) containing 23 mM NaHCO 3 . At this point the retina was gently detached from the retinal pigment epithelium. The isolated retina was then cut into three pieces, and each piece of retinal explant was attached, ganglion cell side down, onto either a Cell-Tak-coated coverslip (BD Biosciences, Franklin Lakes, NJ, USA) or a multielectrode array (MEA) for ES and retinal wave recording. All procedures were approved by the Institutional Animal Care and Use Committee of the National Tsing Hua University and were in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Retinal Explant Culture
The retinal explants on coverslips/MEAs were cultured in a 5% CO 2 humidified incubator at 378C for 5 days, and fresh growth medium containing Neurobasal-A (Gibco, Waltham, MA, USA), 0.6% glucose, 2 mM L-glutamine, 13 B-27, 10 mM HEPES, 1 mM sodium pyruvate, 2.5 lg/mL insulin, 100 lg/mL penicillin, and 6 lM forskolin, with or without brain-derived neurotrophic factor (BDNF) (50 ng/mL), was supplied daily.
Immunohistochemistry
The cultured retinal explants were fixed with 4% paraformaldehyde and 0.1% glutaraldehyde for 1 hour at room temperature and then rinsed three times in phosphate-buffered saline (PBS), 10 minutes each time. Next the fixed explants were blocked by 4% normal donkey serum and 0.1% Triton X-100 in PBS for 1 hour at room temperature to reduce nonspecific binding. The primary antibodies against class III beta-tubulin (TUJ1; 1:500; MMS-435P; Covance, Princeton, NJ, USA), microtubule-associated protein 2 (MAP2) (1:50; sc-20172; Santa Cruz Biotechnology, Dallas, TX, USA), and Tau (1:50; sc-1995; Santa Cruz Biotechnology) were then incubated with the explants overnight at 48C. After rinsing several times in PBS, the explants were incubated with the corresponding secondary antibody (1:250; Alexa 488, Dylight 549, or Dylight 649; Jackson Lab, Franklin, TN, USA) overnight at 4 8C. Finally, the explants were mounted in mounting medium with 4 0 ,6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Burlingame, CA, USA).
Neurite Outgrowth Identification and Quantification
Images of neurite outgrowth of the retinal explants were acquired using either an inverted microscope (Axio Observer.Z1; Zeiss, Oberkochen, Germany) or a confocal microscope (LSM510, Zeiss). Based on the confocal images, we confirmed that TUJ1 was expressed in the neurites growing out from the RGCs but not from the glial cells in retinal explants (Figs. 1A,  1B) . Beta III tubulin staining in retinal whole mounts was shown to be RGC specific and was efficient in RGC identification. [25] [26] [27] Furthermore, although TUJ1 is known to be expressed in both Tau-and MAP2-positive neurites, it was found that mostly processes longer than 200 lm were Tau positive, suggesting that they were primarily the grown axons of RGCs, not the axons from amacrine cells (Fig. 1C) . To quantify the extent of neurite outgrowth, images of the retinal explants from the inverted microscope were characterized and measured directly, while those images collected using the confocal microscope were analyzed via the following specific steps (Fig. 2) . The confocal images were first split into different color channels (DAPI and TUJ1), which represent the area of the retinal explants and the area of neurite outgrowth. Only neurites grown out from the explants were included in quantification, and these were defined as the total neurite area. The extent of neurite outgrowth was then characterized by dividing the total neurite area by the circumference of the explant. To further distinguish neurites of different lengths that were growing out from the explants, the neurite areas < 100, 100 to 200, and > 200 lm expanding outward from the contour of the explants were calculated separately. Note that the neurite area < 100 lm can be considered as a measure of neurite density, whereas the neurite area > 200 lm represents the amount of elongated axons. A similar approach was used by Gaublomme et al. 28 All image analyses were performed using ImageJ software (http:// imagej.nih.gov/ij/; provided in the public domain by the National Institutes of Health, Bethesda, MD, USA).
Electrical Stimulation and Recording
Retinal explants in the MEA were constantly perfused with fresh oxygenated Ames' medium (~1 mL/min) and kept at 318C to 338C. The explants were allowed to settle in the MEA for more than 30 minutes before recording. Electrical stimulation and recording were performed using an in vitro USB-MEA system (Multichannel Systems, Reutlingen, Germany) with a MEA chip (60MEA200/10iR-ITO-pr-T) that consisted of 60 electrodes with diameters of 10 lm that were spaced 200 lm apart to form an 8 3 8 array. For ES, the different temporal patterns of pulsed stimuli (1-ms and 40-mV pulses) were applied to the explants for 1 hour using 59 electrodes simultaneously, with one electrode serving as ground via a stimulus generator (STG3000 Series). For electrical recording, the neural activity of the explants was continuously measured for 20 minutes at a sampling rate of 12 kHz.
Pharmacologic Treatments
During the experiment with 1 hour of exposure to the various drugs, the retinal explants on coverslips were placed into a 6-mm culture dish with 5 mL oxygenated and prewarmed Ames' medium that had added to it various pharmacologic reagents, namely, picrotoxin (PTX) (50 lM; Sigma-Aldrich Corp.), (1,2,5,6-Tetrahydropyridin-4-yl)methylphosphinic acid (TPMPA) (50 lM; Tocris, Minneapolis, MN, USA), and strychnine (5 lM, Sigma-Aldrich Corp.). 3, 29, 30 After 1 hour of treatment, the explants were rinsed extensively with 30 to 50 mL Ames' medium to remove any residual drugs. Otherwise, the other various pharmacologic reagents, namely, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (50 lM, Tocris), 2-amino-5-phosphonopentanoic acid (AP5) (50 lM, Tocris), dihydro-berythroidine hydrobromide (DHbE) (10 lM, Tocris), tetrodotoxin (TTX) (2 lM; Abcam, Cambridge, UK), PTX, TPMPA, and strychnine were added directly to the culture medium. [31] [32] [33] The concentrations of these pharmacologic reagents were similar to those used in previous studies.
Cell Viability Assay
The condition of various retinal explants was examined using the Vybrant apoptosis assay kit (Y3603; Thermo Fisher Scientific, Waltham, MA, USA). YO-PRO-1 in this assay is able to label both dead cells and cells undergoing apoptosis with green fluorescence. 34 The explants, after being cultured for 5 days, were incubated with 100 nM YO-PRO-1 for 1 hour in a 37 8C, 5% CO 2 humidified incubator. The explants then had images captured immediately using an inverted microscope (Axio Observer.Z1, Zeiss) and a fixed exposure time. The condition of each retinal explant was quantified by measuring the YO-PRO-1-positive area (fluorescence above the threshold) FIGURE 2. Flow chart of the approach used to quantify neurite outgrowth of the retinal explant. The image of double-immunostained retinal explant was [1] split into different color channels, green (TUJ1) and blue (DAPI). [2] The blue channel image was binarized, and the area of the retinal explant was defined. [3] Green (RGC neurites) signal inside the area of retinal explant was removed. [4] Two concentric outlines of an expanding circumference out from the retinal explant (100-lm interval) were delineated, and the area outside the explant was divided into three areas: 100 lm (pink), 100 to 200 lm (light blue), and >200 lm (orange). [5] Neurite areas (green channel) grown out from the explants were measured in these three areas separately.
of the explants compared to the whole area of the explant. The specificity of RGC survival was examined by using the RGCspecific marker TUJ1 to establish a correlation between RGC survival and YO-PRO-1 signal (see Supplementary Material). The results were then normalized against explants under control conditions. Image analysis was performed using ImageJ.
Wave Property Analysis
Raw data were collected from the MEA recordings and then first processed using MC_Rack software (Multichannel Systems). The processed dataset was then subjected to spike detection using the FIND_GUI toolbox 35 for MATLAB (MathWorks, Inc., Natick, MA, USA). Custom algorithms written in MATLAB were used to analyze the retinal waves. The parameters used for characterizing wave properties have been described in detail in previous studies, 36,37 which we followed closely. Briefly, the values of the interspike intervals (ISIs) from each electrode were ranked, and only the smallest 25% of the ISIs in each channel were considered as candidate bursts. To be considered as a burst, the spike count in the 1-second window following the first spike of the first interval below threshold rank had to exceed a threshold h. The threshold h was set to the spike count at the 95% mark of the cumulative spike count distribution. This value was calculated individually for each channel to account for the substantial variations in firing rate. The end of a burst was determined as the time when the spike count fell below h/2. Only bursts with at least 10 spikes were included in the analysis. To prevent merging of waves during long bursts, a maximum burst duration of 4 seconds was imposed. To allow multiple separate waves propagating across the retina simultaneously to be distinguished, a burst was included in a wave only if it was in spatial and temporal proximity to previously included bursts. This was implemented by first grouping temporally overlapping bursts as candidate waves and then separating spatially nonoverlapped bursts as different waves. To prevent two waves merging together when they traveled to the same location at different times, the time difference between two bursts at neighbor electrodes had to be below 2 seconds.
RESULTS
Stage II Retinal Waves Are Not Essential for Neurite Outgrowth of Postnatal Day 5 Retinal Explants
To assess the role of developmental neural activities in facilitating neurite outgrowth of retinal explants, we first blocked neural activities by adding DHbE, a nicotinic acetylcholine receptor antagonist, together with CNQX and AP5, which are a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)/kainate and N-Methyl-D-aspartate (NMDA) glutamate receptor antagonists, respectively, to the culture medium for 5 days. The specificity and efficacy of the drugs were well established in previous studies. 32, 33, 38, 39 The extent of neurite outgrowth was reduced as expected (Figs. 3B, 3H, 3I), though it was not statistically significant due to the sample variability. To further examine whether stage II retinal waves are essential to facilitate neurite outgrowth of retinal explants, DHbE alone was added to the culture medium. Retinal waves were blocked completely by DHbE, and only residual spontaneous neural activities remained. This was confirmed by MEA recording (Fig. 3F) . Surprisingly, the extent of neurite outgrowth was not affected by the blockade of stage II retinal waves (Fig. 3C) , and this effect was independent of the presence of BDNF in culture medium (Figs. 3H, 3I) . Similarly, preventing the generation of action potentials by adding TTX did not inhibit neurite outgrowth of retinal explants in a notable way when BDNF was present, though the TTX effect seemed to promote neurite elongation (Figs. 3D, 3H, 3I ). This observation might suggest that longer growth of neurites requires synaptic transmission within the retina or that the subthreshold membrane excitation is more important than action potential in promoting longer growth of neurites. However, CNQX and AP5 alone were able to reduce neurite outgrowth of retinal explants to a similar level as when CNQX and AP5 were added together with DHbE in culture medium (Figs. 3E, 3H) . Multielectrode array recording confirmed that retinal waves were not blocked by these glutamate receptor antagonists (Fig. 3G) . Note that this effect was not observed in the absence of BDNF (Fig. 3I) , suggesting that glutamate transmission regulates neurite outgrowth by modulating the trophic responsiveness of retinal explants.
To ensure that the reduced neurite outgrowth was not a result of cell death, retinal explants after culture for 5 days were stained with YO-PRO-1, a cell viability marker that labels cells undergoing apoptosis or those are dead. We found that the YO-PRO-1-positive areas of the retinal explants were not increased significantly in the various conditions when compared to the control explants, both in the presence and in the absence of BDNF (Figs. 3J, 3K ). These findings suggest that a minimum level of neural activity is sufficient to support RGCs in postnatal day 5 (P5) retinal explants growing out neurites. More importantly, blocking neural activity mediated by cholinergic transmission (i.e., stage II retinal waves) does not affect neurite outgrowth of P5 retinal explants; instead, neural activity mediated by glutamatergic transmission seems play a more prominent role.
Short-term Induction of Globally Correlated Neural Activities Promotes Neurite Outgrowth of P11 Retinal Explants
The aforementioned results suggest that retinal waves might be independent of axon growth ability of RGCs in early development. To further examine the role of retinal waves in affecting neurite outgrowth of retinal explants in late development, we induced P11 retinal explants that normally express stage III retinal waves to display a temporal pattern of neural activity similar to stage II retinal waves by adding a cocktail of antagonists of inhibitory neurotransmitters, specifically gamma-aminobutyric acid (GABA) A/C and glycine receptor antagonists (picrotoxin, TPMPA, and strychnine) to the culture medium. Multielectrode array recording revealed that this removal of inhibition induced P11 retinal explants to express globally correlated spontaneous neural activities at 1-to 2-minute intervals (Fig. 4A) . Surprisingly, neurite outgrowth of retinal explants was significantly enhanced at day in vitro (DIV) 5 when the cocktail of inhibitors was added at DIV 0 for 1 hour or applied repeatedly for 5 days (1 hour each day; Figs. 4B, 4D-4F), but not when the inhibitors were kept in the culture medium for 5 days continuously (Figs. 4C, 4F) . Furthermore, without the presence of BDNF in the culture medium, simply inducing globally correlated spontaneous neural activities at 1-to 2-minute intervals in P11 retinal explants for 1 hour, or repeatedly for 5 days, was sufficient to completely restore neurite outgrowth ability to a state equivalent to the condition when BDNF was present (Fig.  4G) . Note that the effect of neural activity was primarily on enhancing short-and intermediate-length sprouting, not the longer neurite growth (Figs. 4F, 4G ), which might be an important issue in axon regeneration.
Activity-Dependent
To determine if the long-term induction of globally correlated neural activities for 5 days could lead to excitotoxicity in P11 retinal explants, YO-PRO-1 was used to examine cell viability. We found that YO-PRO-1-positive areas were increased under this condition regardless of the presence or absence of BDNF in the culture medium (Figs. 4H, 4I ). This observation supports that the decreased neurite outgrowthpromoting effect is a result of the long-term elevation of While DHbE together with CNQX and AP5 (n ¼ 11) was able to reduce neurite outgrowth, DHbE (n ¼ 9) and TTX (n ¼ 7) did not affect the total area of neurite outgrowth compared to the control condition (n ¼ 17), though this was not statistically significant due to the sample variability. Moreover, blocking glutamate transmission by CNQX and AP5 (n ¼ 10) without DHbE reduced neurite outgrowth to the same level as with DHbE in P5 retinal explants. (I) Neurite outgrowth was reduced when glutamate and acetylcholine transmissions were simultaneously blocked (n ¼ 6), but not affected by blocking DHbE (n ¼ 8), action potential (n ¼ 7), or glutamate transmission (n ¼ 7) in the growth medium without BDNF (control, n ¼ 11), though this was not statistically significant due to the sample variability. (J, K) Cell viability was not affected after culturing the explants for 5 days in the growth medium with different reagents, whether BDNF was added to the medium or not (n ¼ 2-4 for each condition in both groups). Mean 6 SEM; Scale bar: 100 lm.
neural activity in retinal explants. Taken together, these findings indicate that short-term, but not long-term, globally correlated neural activities at 1-to 2-minute intervals are sufficient to enhance neurite outgrowth ability of retinal explants in late development even in the absence of neurotrophic factors.
Electrical Stimulation Promoting Neurite Outgrowth of Retinal Explants Depends on Postnatal Age and Stimulation Pattern
Based on the results described above, we then asked whether short-term induction of neural activities alone or some specific FIGURE 4. Short-term globally correlated spontaneous neural activities at 1-to 2-minute intervals in P11 retinal explants promote neurite outgrowth. (A) Detected wave events from P11 retinal explants recorded by MEA at DIV 0. Each colored dot represents a burst event; different wave events are separated by colors. Note that stage III retinal waves in the control condition were changed to globally correlated spontaneous neural activities at 1-to 2-minute intervals when a cocktail of inhibitory blockers was applied in the growth medium. (B-E) Confocal images of P11 retinal explants at DIV 5 cultured in the growth medium with (B) BDNF alone, and treated with a cocktail of inhibitory blockers PTX (50 lM), TPMPA (50 lM), and strychnine (5 lM) for (C) 5 days, (D) 1 hour at DIV 0, and (E) 1 hour per day for 5 days. (F, G) Short-term treatment with a cocktail of inhibitory blockers for 1 hour once at DIV 0 or on each day greatly enhanced neurite outgrowth of retinal explants in the growth medium with or without BDNF, while long-term treatment did not have this effect (with BDNF: control, n ¼ 25; 5 days, n ¼ 18; 1 hour, n ¼ 12; 1 hour/day, n ¼ 11; without BDNF: control, n ¼ 18; 5 days, n ¼ 11; 1 hour, n ¼ 10; 1 hour/day, n ¼ 7). (H, I) Long-term altered neural activity increased apoptosis within the retinal explants in the growth medium with or without BDNF, while short-term treatment did not have this effect (n ¼ 3-6 for each condition in both groups). ***P value < 0.001, statistically different from the control condition, Kruskal-Wallis test; mean þ SEM; Scale bar: 100 lm.
Activity-Dependent Neurite Outgrowth of Retinal Explants
IOVS j December 2016 j Vol. 57 j No. 15 j 6501 activity pattern is required for effectively promoting neurite outgrowth. We examined if the temporal pattern with 1-to 2-minute intervals is crucial to enhance neurite outgrowth of retinal explants by applying ES directly using a MEA (Fig. 5A) . Three different ES patterns (Fig. 5B) were applied for 1 hour on DIV 0 to both P5 and P11 retinal explants. The first ES pattern consisted of a set of ten 40-mV monophasic pulses at 100 Hz with a 2-minute interburst interval, which was similar to the ES patterns used in previous studies. 9, 15 The second ES pattern had only a 2-second interburst interval, which was distinctly different from the first one, as a control, and thus had 60 times more stimuli than the first pattern. The third ES pattern was similar to the first one except that the pulses were biphasic instead of monophasic, which was used as an alternative ES pattern to prevent the targeted cells from accumulating too many charges over time. 23 The effects of different ES patterns on the neurite outgrowth of both P5 and P11 retinal explants were then examined at DIV 5 (Figs. 5C-5J ).
All three patterns of ES promoted neurite outgrowth of P5 retinal explants (Fig. 3K) , and the ES pattern with the biphasic pulses appeared to show the least prominent effect (Fig. 5K) . In contrast, only the ES pattern with a 2-minute interval with monophasic pulses showed a significant effect on neurite outgrowth of P11 retinal explants, while the similar ES pattern with biphasic pulses showed only a moderate enhancement of neurite outgrowth (Fig. 5L) . These findings suggest that the pattern of the ES is not a critical factor that affects neurite outgrowth in younger retinal explants, but that the temporal pattern of ES is important for the promotion of neurite outgrowth of retinal explants from a later stage of development.
Short-term Electrical Stimulation Promotes Neurite Outgrowth of P11 Retinal Explants Without Altering the Intrinsic Wave Properties
To further investigate if the enhancement of neurite outgrowth of P11 retinal explants observed at DIV 5 by applying ES for 1 hour at DIV 0 is a result of long-term alterations in their intrinsic activities (stage III retinal waves), the neural activities Temporal patterns of the three electrical stimulation protocols. (C-F) Phase-contrast images of P5 retinal explants cultured in growth medium with BDNF at DIV 5 when no electrical stimulation, monophasic stimulation with a rest of 2 minutes, monophasic stimulation with a rest of 2 seconds, and biphasic stimulation with a rest of 2 minutes were applied for 1 hour at DIV 0. Scale bar: 100 lm. (G-J) Similar images were obtained from P11 retinal explants at DIV 5. (K) All three electrical stimulation protocols promote neurite outgrowth of P5 retinal explants (n ¼ 7 retinas for each protocol). (L) Only the monophasic electrical stimulation with a 2-minute interval had a significantly enhanced neurite outgrowth of P11 retinal explants (n ¼ 8 retinas for monophasic rest 2 minutes and monophasic rest 2 seconds; n ¼ 7 for biphasic rest 2 minutes). *P value < 0.05, **P value < 0.01, ***P value < 0.001, statistically different from the control condition, unless labeled otherwise, Kruskal-Wallis test; mean þ SEM. of retinal explants before or immediately after 1-hour ES were measured using the same MEA that provided ES to the explants. Six wave properties were extracted from 20 minutes of recorded activity patterns, including burst size, burst duration, interburst interval, wave area, wave speed, and wave duration. Although there were slight changes in some wave properties when compared with the results of the control explants and the ones after three patterns of ES, the instrinsic properties remained essentially stage III retinal waves under all four conditions (Fig. 6 ). These findings support that ES does not promote neurite outgrowth by altering instrinsic neural activities in the retinal explants; rather, ES for only 1 hour before the beginning of retina culture is sufficent to promote neurite outgrowth of P11 retinal explants.
DISCUSSION
In this study, we explored the effect of neural activity on neurite outgrowth of retinal explants. The blocking of stage II retinal waves by inhibiting cholinergic transmission did not affect the neurite outgrowth of P5 retinas. However, blocking glutamatergic transmission did reduce neurite outgrowth during the same stage of retinal development. In contrast, short-term elevation of neural activity, either by ES or by pharmacologic blockade of inhibition, greatly enhanced neurite outgrowth. Furthermore, only an ES pattern with 1-to 2-minute intervals significantly enhanced neurite outgrowth of P11 retinas, while all ES patterns were able to promote neurite outgrowth of P5 retinal explants.
Glutamatergic Transmission Affects Neurite Outgrowth of Immature Retinal Explants
One of our main findings is that neural activity mediated by acetylcholine did not affect neurite outgrowth of P5 as well as P2 to P6 retinal explants (data not shown), the developmental stages in which neural activity is known to be dominated by the cholinergic waves (Fig. 3) . This result did not fit our expectation because previous studies have suggested that the temporal pattern of retinal waves plays a significant role in increasing the responsiveness of neurotrophic factors in RGCs and thus their capacity for axon growth. 9 The finding that blocking stage II cholinergic waves by DHbE did not reduce neurite outgrowth in the presence or absence of BDNF suggests that retinal waves probably play only a minor role in the RGC axon growth of P5 retinas. This observation is unlikely to result from the diminished neural activity of explants in culture because retinal waves were still detectable after culturing the explants for several days under the control condition (data not shown). Rather, previously unrecognized glutamatergic transmission within P5 retinas would seem to be a major factor involved in the regulation of neurite outgrowth. It is known that mouse retinas go through a maturation process of the glutamatergic circuits between P1 and P10. 40 During this stage, bipolar cells are forming glutamate synapses with the RGCs and amacrine cells; as a result, the blocking of glutamate transmission may interfere with the maturation of the glutamatergic circuit. A previous study has shown that dark rearing results in an interruption of the maturation of the FIGURE 6. Electrical stimulation did not promote neurite outgrowth by causing a long-term change in the wave properties. Six wave properties from P11 retinal explants were visualized using radar plots. Three different electrical stimulation protocols did not change the retinal wave properties significantly. Control: n ¼ 8 retinas; monophasic, 2 minutes: n ¼ 7 retinas; monophasic, 2 seconds: n ¼ 6 retinas; biphasic, 2 minutes: n ¼ 5 retinas.
glutamatergic circuits and also brings about the loss of the pruning process, resulting in a higher percentage of bistratified RGCs. 41 It is possible that neurite outgrowth from retinal explants was reduced due to excessive dendritic growth of the RGCs that lack this pruning process. Since the cholinergic circuit is already mature at this stage, neurite outgrowth should not be affected by blocking cholinergic transmission. 32 It is also possible that glutamatergic transmission mediated by either synaptic or extrasynaptic connections between bipolar cells and RGCs in the immature retina may control the calcium transients in the RGCs and thus regulate the extent of neurite outgrowth. Further experiments are needed to investigate the role of glutamatergic transmission at this early stage of retinal development.
Electrical Stimulation Promotes Neurite Outgrowth by Stimulating RGCs Directly
Different from previous studies showing that ES promoted neurite outgrowth in isolated RGCs, 9, 15 the ES in this study was given to the retinal explants directly, and this may stimulate neurons other than RGCs in the retina. Previous studies have shown that ES targeting the whole retina indeed does lead to an increase in endogenous BDNF, possibly from glial cells. 42, 43 However, the stimulating electrodes used in this study were placed on the RGC side, and, more importantly, the ES frequency (100 Hz) applied to the explants was in the range known to mainly stimulate RGCs but not other retinal neurons. 44 Even if there was an increased endogenous BDNF release caused by the ES, the concentration of exogenous BDNF added in the culture medium was presumably much higher than any increase in endogenous BDNF. Therefore, in the present study, it is likely that the ES effect with respect to promoting neurite outgrowth is a result of direct stimulation of the RGCs rather than stimulation of other cell types.
Short-term Elevation of Neural Activity Results in a Long-term Effect on the Promotion of Neurite Outgrowth
The findings showing that a short-term elevation of neural activity, either by applying ES directly (Fig. 5) or by removing inhibition pharmacologically (Fig. 4) , results in a promotion of long-term neurite outgrowth of retinal explants suggests that transcriptional regulation is involved. It is well known that electrical activity can lead to calcium influx or intracellular release of calcium, and that is able to regulate downstream signaling pathways. 45, 46 Recent studies have shown that calcium influx caused by ES is able to elevate cellular soluble adenylyl cyclase (sAC) activity, which in turn promotes neurite outgrowth and cell survival in isolated RGCs. 15, 21, 47 Notably, elevated sAC has been shown to promote neurite outgrowth by increasing cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) levels in a pathway that is distinct from the classic transmembrane adenylyl cyclasemediated pathway, which is activated by forskolin, and this in turn also elevates cAMP and PKA levels in cells. Previous study has demonstrated that in the presence of activity blockade, the nonhydrolyzable cAMP analogue CPT-cAMP rescued axon extension from the explants, while the PKA inhibitor Rp-cAMP reduced axon extension. 9 It is likely that the effect of promoting neurite outgrowth by a short-term elevation of neural activity is also through a cAMP-dependent signaling pathway. It has been reported that both depolarization and activation of cAMP result in a rapid recruitment of TrkB, the neurotrophic BDNF receptor, to the cell soma, axons, and growth cones. 16, 48 However, TrkB expression alone is not able to promote neurite outgrowth without BDNF. 9 The finding that when the intrinsic neural activity of P11 retinal explants is elevated and induced into mimicked stage II retinal waves, neurite outgrowth is promoted with or without BDNF in the culture medium, suggests that short-term induction of specific patterned neural activity might not only affect the expression and recruitment of cell surface TrkB but also increase the release of BDNF or other neurotrophic factors. Future studies to elucidate the molecular mechanism underlying the effects of short-term elevation of neural activity on promoting neurite outgrowth are likely to provide insight into the role of neurotrophic factors in neural regeneration.
The Promotion of Neurite Outgrowth Depends on the Neural Activity Pattern
We found that the temporal pattern of the ES was critical to the promotion of neurite outgrowth of retinal explants (Fig. 5) . While three different patterns of ES were able to promote neurite outgrowth of P5 retinal explants and the biphasic ES was the least effective, only the pattern with a 2-minute interval had this effect on the promotion of neurite outgrowth of P11 retinal explants. Although previous studies have shown that biphasic ES causes less tissue damage due to the charge balance, [49] [50] [51] this pattern could not promote neurite outgrowth more effectively than the monophasic stimulus used in the present study. The interpulse interval between the two phases of the stimulus and the use of short-term ES may be the reasons for this discrepancy. Nevertheless, this result demonstrates that the correct temporal pattern of ES is essential and more important than simply increasing neural activities for enhancing neurite outgrowth of retinal explants. The same temporal pattern of neural activity was also found to enhance neurite outgrowth of P11 retinal explants by adding cocktails of inhibitors (Fig. 4) . This temporal pattern of spontaneously correlated activity at 1-to 2-minute intervals is usually observed in an early stage of the developing retina, when the regenerative capacity of RGC axons remains relatively high. Therefore, it is likely that the pattern of neural activities at early developmental stages is an essential signal to turn on specific genes for enhancing neurite outgrowth at later developmental stages. It has been hypothesized that ES exerts its effect by regulating calcium influx, and this would seem to lead to variety of different consequences in terms of cell responses. It has also been reported that the temporal pattern parameters of ES, such as burst rate, burst duration, and burst frequency, are able to produce different intracellular calcium level oscillations and thus lead to different transcription levels. 22, 24 The calcium calmodulin-activated kinase (CaMK) family of proteins is one of the main targets that are activated by calcium, and different members of the CaMK family are known to phosphorylate CREB (cAMP response element-binding protein) at different sites, which in turn regulates neural survival and transcription of genes such as bdnf and ngf. 45, [52] [53] [54] These studies suggest a series of complex pathways in which calcium influx, on being modulated by diverse patterns of ES, is able to bring about very different results in terms of neurite outgrowth. Other studies also demonstrated that periodic internal waves of calcium and cAMP signaling in growth cones play a central role in the regulation of neuronal motility. 55 For example, it has been shown that cAMP oscillations in growth cones that resulted from the spontaneous activity of the developing RGCs are essential during the establishment of the retinotopic map. 56 Although the present study has demonstrated the effect of the temporal pattern of ES on neurite outgrowth, it remains unclear whether the spatial pattern of ES also plays an important role. Further investigations are needed to reveal the relationship between the patterns of neural activity and the
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invoked downstream signaling pathways; such an approach will help to identify the optimal activity pattern for use as a therapeutic treatment.
The Limitations of Neurite Outgrowth Promoted by Neural Activity
Despite the fact that ES greatly improves the neurite outgrowth of P11 retinal explants, the overall effect is still far from that found when the neurite outgrowth of P5 retinal explants is examined (Figs. 5K, 5L) . Furthermore, ES alone was not able to show any effect on RGCs from adult animals. Although the neurite outgrowth area was increased significantly when globally correlated neural activities with 1-to 2-minute intervals were provided to a level very close to that for the P5 retinal explants, the proportion of grown neurites longer than 200 lm (i.e., elongation of neurites into axons) did not increase (Figs. 4F, 4G ), suggesting that only short-distance sprouting was enhanced by increased neural activity. These results indicate that the retinal explants cannot be rejuvenated by elevation of neural activity alone; they seem also to need a combination of other signals or various intrinsic factors to help the neurites extend longer or be committed to axons faster. In addition to CREB, there are many other transcription factors that regulate neurite outgrowth. 53 Among these, the Krüppel-like factor (KLF) family has been found to regulate intrinsic axon regeneration ability. 57, 58 Furthermore, by deleting both Pten and Socs3 in RGCs, it has been reported that optic nerve axons after prechiasm lesion partially reinnervated and formed new synapses in the suprachiasmatic nucleus. 59 In the most recent study, it was found that enhancement of neural activity by visual stimulation, combined with elevation of the cell growth-promoting pathway involving mammalian target of rapamycin (mTOR), can significantly promote adult RGC axons to regenerate long distances and reinnervate the brain. 60 Taken together, by integrating various different approaches, it should be possible to bring about better and more useful CNS regeneration in the future.
